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 Homogeneous management of fields are recently being viewed as inefficient due to 
infield variation of soil properties. Site-specific management is an efficient alternative to the 
uniform application of inputs. The general aim of site-specific management is to prevent profit-
loss and unwanted environmental impacts. For Site-specific management to be successful, the 
mapping of subfield homogeneous regions, called soil management zones (SMZ), is required. 
Remote sensing has been used to identify infield variance, but has been unsuccessful due to sub-
par image resolution. However, more recently low altitude remote sensing applications have 
become available, such as unmanned aerial systems (UAS) that offer ultra-fine resolution. The 
global objective of this study is to use UAS technology to identify, map, and characterize SMZ 
for the purposes of site-specific management in tropical agroecosystems. This study was 
conducted in the Northern and Upper East Region of Ghana in support of the Feed the Future 
Ghana Agriculture Technology Transfer project. Georeferenced normalized difference 
vegetation index (NDVI) data were sequentially collected throughout the growing season to be 
used to delineate SMZ. The characterization of SMZ was verified through analysis of soil 
samples within the three delineated NDVI-based zones. Significant variations in soil properties 
were obtained among the identified SMZ. The results show that this method could be the 
foundation for producing SMZ for the use of site-specific management for small-scale 










CHAPTER 1. GENERAL INTRODUCTION 
It is a well-recognized phenomenon that wide-ranging variability of soil properties and 
crop production potential exist within fields. The variations seen in crop yields can often be 
related back to the nutrient supplying capacity of the soil. The uniform management of fields that 
have spatial variation of soil properties and crop production is viewed as inefficient. Site-specific 
management is being used to alleviate the inefficiencies of whole-field uniform management. 
Precision agriculture as defined by Adamchuk et al. (2011) is the management strategy that is 
based on information technologies which is implemented to optimize agriculture. It is anticipated 
that precision agriculture reduces production input demands, improves sustainability and 
maximizes profitability. The overarching concept of site-specific management is to better match 
the nutrient requirement demands of the crop as they vary across the field (Peralta, 2013). 
However, the success of precision agriculture should be generally preceded by collection of 
detailed soil information, in the form of mapping and characterization of soils. The basic premise 
of precision agriculture is sensing, recognizing, managing intra and inter-field variability, and 
implementing decision making accordingly (Pierce et al., 1999). Fields with similar soil 
properties, relief, and crop production capabilities are segmented into management zones that 
quantify variability patterns and reduce the non-empirical nature of identified management 
zones. Mzuku et al., (2005) showed in a study how soil physical properties exhibited significant 
spatial variability in different management zones.  
 Soil management zones (SMZ) have been delineated using many different methods, 
including direct soil sampling, yield maps, apparent electrical conductivity (ECa) measurements, 




success in delineating SMZ using these methods, the use of remote sensing has allowed for an 
inexpensive and non-invasive means for identifying SMZ (Mulla and Schepers, 1997). Remote 
sensing has traditionally relied on satellite imagery, which is too coarse in spatial resolution to 
assess site-specific variations in soil and crop productivity.  Recent advances in remote sensing, 
such as the introduction of unmanned aerial systems (UAS) have solved the concerns with using 
remote sensing by being able to acquire an extremely fine image resolution. It has the potential 
to capture high spatial and temporal resolutions with flexible image acquisition regimes.  
The utilization of vegetation indices (VI) in remote sensing have allowed the 
identification of spatial variation patterns in crop and soil properties (Jackson et al, 1991). The 
normalized difference vegetation index (NDVI) has been the primary VI to be used to assess 
crop health and yield variation in agriculture (Teal et al, 2006). Because of the ability of NDVI 
to identify variation in crop health and soil properties, it serves as an excellent indicator to 
delineate SMZ.  
In spite of previous research completed on methods to delineate SMZ, a method of using 
remote sensing to collect sequential NDVI data to practically identify SMZ is still in its infancy. 
However, this remote sensing technology is needed to help enhance reliable site-specific 
management systems that is cost-efficient and has low labor intensity. The global objective of 
this study is to use data collected using UAS technology to delineate and characterize soil 
management zones in tropical agroecosystems. This objective is formulated to answer the 
following research questions:  
 




 (2) What are approaches to characterize the SMZ?  
 (3) How will the results of this study be practically applied?  
Thesis Organization 
This report includes four chapters. The first chapter is an introduction and it discusses the 
application of UAS in precision agriculture. It presents the objective and identifies the research 
questions for this study. The second chapter presents the literature review. The third chapter 
introduces the study site, field data captured, and processing. Chapter four is devoted to the 
















CHAPTER 2: LITERATURE REVIEW 
Soils can fluctuate widely in their properties, especially their capability to supply 
nutrients for optimal crop production (Peralta, 2013). Soil physical, chemical and biological 
properties can show variations within short distances, both horizontally and vertically, which are 
observed in the field. These variabilities result from complex processes and interactions that 
takes place in the soil environment (Stenberg et al., 2010). These variations in soil properties can 
be found within or among fields. Variability observed in crop yields is typically related to soil 
chemical properties (Bouma and Fink, 1993). Variation in crop production is becoming a 
recognized phenomenon, and uniform management of non-uniform fields for fertilizer 
applications, hybrid selection, and other management factors is being viewed as inefficient. Site-
specific management is often considered an efficient means for managing the in-field spatial 
variation of soil properties by applying inputs to meet site-specific crop nutrient demands 
(Fraisse et al., 1999). The general aim of site-specific farming management, therefore is to 
increase profitability of crop production and to reduce unwanted environmental impacts 
(Gebbers and Adamchuk, 2010; Godwin et al., 2003).  
 Identification of subfield regions that have similar characteristics, such as chemical and 
physical properties, is the key concept of site-specific management (Yao, 2014). These subfield 
regions, referred to SMZ, can be considered subregions of a field with similar yield limiting 
factors (Doerge, 1999). The physical and chemical properties of the surface horizon have shown 
importance in identifying yield limiting factors of SMZ (Mallarino, 2001). The identification of 
SMZ for site-specific management to address the spatial variation of yield limiting factors is 
crucial to improve sustainability efforts in agricultural production. This is especially important in 




still rely on blanket fertilizer use recommendations based on large scale trials. Due to the 
complexities of variation observed in crop production within a site, SMZ are often generalized 
into high, medium and low zones (Stafford et al., 1998). Identification of SMZ can be difficult 
due to the complexity of soil and crop interactions which can affect crop yield (Fridgen et al., 
2000; Schepers et al., 2004). If SMZ are poorly identified and do not represent the spatial 
variation in soil properties that are yield limiting, this site-specific management could be equally 
or less efficient than whole-field uniform management practices.  
The utilization of efficient techniques to identify site-specific spatial variation in soil 
properties is crucial to delineate SMZ, and several approaches or methods have been identified in 
the literature. These include direct sampling, yield maps from combine-mounted grain yield 
monitors, landscape relief information, non-invasive soil characterization using apparent 
electrical conductivity (ECa) measurements, and remote sensing applications. Although soil 
sampling has been used in multiple studies to determine SMZ (Liu et al., 2014; Yao et al., 2014). 
This approach cannot be considered as a practicable option for determining SMZ. Soil sampling 
requires the collection of large amounts of soil samples to identify variation in soil properties, 
which is costly and labor intensive. (Peralta, 2013). Liu (2014) used direct sampling to determine 
SMZ via information provided by the Second National Soil Survey (1996) and local agricultural 
departments on soil and crop yield maps. This method showed some success, however ancillary 
data required to interpret crop yield maps are not always available. The lack of this information 
is an especially large bottleneck in developing countries, where precision agriculture can also be 
of utmost relevance.  
Soil management zones can also be determined using yield maps. Yield maps often show 




crop productivity (Hörbe et al., 2013). Yield patterns may or may not be observed in some fields. 
The collection of yield maps for a multitude of crop seasons are needed to identify SMZ and in 
some cases do not produce SMZ that show variations in soil nutrients (Mallarino, 2001). Spatial 
distribution of water and particles are related to the soil’s topographic position (Kravchenko et 
al., 2005; Wiaux et al., 2014)   
The use of ECa measurements to delineate SMZ has gained popularity in recent years (Zhu 
et al., 2010). It has effectively been used to identify variations in soil properties in the field 
(Triantafilis and Lesch, 2005; Yao and Yang, 2010). Johnson et al. (2003) found that SMZ 
delineated from ECa measurements provided useful information to group soils based on their 
management needs. However, this method can be labor intensive, especially when used on large 
field sizes. In addition ECa measurements require specific soil conditions which then need to be 
related back to crop responses (Corwin and Lesch, 2005). The advantage of the low cost and 
non-invasiveness of remote sensing has been utilized for the identification of SMZ (Mulla and 
Schepers, 1997). Schepers (2014) found that using aerial images to gather spectral bands of light 
was successful in determining SMZ. However, for remote sensing to be a reliable and practical 
method for determining SMZ, the acquisition of time-specific, cost efficient, high temporal, and 
spatial resolution imagery is necessary (Candiago et al, 2015).  
Use of Remote Sensing for Identification of Management Zones 
Remote sensing platforms such as satellite and manned aerial imagery, and more recently 
unmanned aerial systems (UAS) imagery, have been used to monitor crop growth and stress, as 
well as predict yield. (Stafford 2000; Warren and Metternicht 2005). Remote sensing has 
therefore shown promise in the identification of site-specific SMZ. High spatial and temporal 




2015; Zhang, 2012). Traditional remote sensing has been carried out using satellite imagery. 
However, satellite remote sensing has been limited by long and unpredictable revisiting times 
and it also produces imagery with too coarse of spatial resolution to be used to properly identify 
areas of spatial variance (Moran et al. 1997, Stafford 2000). Recently, more advanced remote 
sensing platforms have become available, such as UAS. Unmanned aerial systems have allowed 
the acquisition of higher spatial resolution images (Swain et al. 2007). Unmanned aerial systems 
also offer a low cost alternative in data acquisition when compared to traditional satellite and 
manned aircraft remote sensing applications (Aasen et al., 2015, Zhang, 2012).  
Variation in crop health patterns within a field is influenced by soil-related properties 
(Corwin and Lesch, 2005), and these variation patterns can be identified using vegetation indices 
(VI) (Inman et al, 2008). The acquisition of imagery at specific growth stages of corn (Zea mays) 
has been used to identify patterns in plant health and variation in corn yield (Shanahan et al, 
2001). Aerial imagery from UAS is effective at capturing in-field data in real time, at specific 
phenological stages compared to satellite imagery, the latter of which is not flexible and can be 
distorted or unavailable due to cloud coverage (Zhang, 2012). 
Vegetation Indices (VI) as defined by Candiago et al. (2015), are “algebraic combinations 
of several spectral bands, designed to highlight vegetation’s vigor and vegetation properties”. 
Vegetation indices are widely used in remote sensing applications to assess crop biomass, plant 
stress, plant health, and crop production (Jackson et al, 1991). Many different VIs are used to 
determine various plant attributes, however, the most widely used and most studied VI is the 
normalized difference vegetation index (NDVI). Normalized difference vegetation index 




and leaf area index (Candiago et al, 2014; Inman et al, 2008; Jackson et al, 1991; Shanahan et al, 
2001; Teal et al, 2006). Normalized difference Vegetation Index is computed as:  
NDVI = (NIR – RED) / (NIR + RED)  
Where NIR represents the quantity of reflectance in the near infrared spectrum, and RED 
represents the quantity of the wavelength in the red spectrum. The NDVI values range from -1.0 
to 1.0, the more positive the value, the greener the subject. Green vegetation NDVI values range 
from 0.2 to 0.9, with the assumption that values below 0.2 represents non-vegetated features such 
as soil, water, and rocks. Thus when using NDVI to determine crop vigor, values below 0.2 should 
be disregarded with the assumption that these NDVI values are associated with non-vegetative 
features. Normalized difference vegetation index is also a good indicator for grain yield, however 
the relationship between NDVI and yield can vary between corn growth stages. (Teal et al, 2006). 
Normalized Difference Vegetation Index is shown to be most accurate in determining corn grain 
yield in between corn growth stages of V6 and the early reproductive stages (Shanahan et al, 2001, 
Teal et al, 2006). The time sensitivity of NDVI’s relation with yield could be due to there being 
little vegetation and no canopy closure at the early growth stages with soil background exerting a 
large effect on NDVI. Normalized difference vegetation index values also lack a strong 
relationship with yield when there is a full canopy closure in the mid to late grain filling stages 
(Shanahan et al, 2001).  
Variations in remotely-sensed spectral indices within a field can be explained by the 
interaction between the soil and plant systems if the same crop variety is planted over the entire 
land. It could be hypothesized that sequential remote sensing-based crop mapping can provide 




The goal of this study is to identify SMZ-based on sequential UAS data collected over an 
entire growing season.   The objectives are to:  
(1) Utilize UAS data to map areas of persistent high, medium and low crop health 
throughout the growing season based on NDVI as SMZ.  
(2) Determine, compare, and contrast physical and chemical properties associated with 
the three SMZ classes.  
(3)  Investigate the relationship between soil properties in the different SMZ and their 
















CHAPTER 3: MATERIALS AND METHODS 
Study Sites 
This study was carried out in support of The Feed the Future (FTF) Ghana Agriculture 
Technology Transfer (ATT).  The overall goal of the FTF project is to increase the 
competitiveness of rice, corn, and soybean value chains to foster broad-based, sustained 
economic growth and productivity by increasing the availability of agricultural technologies in 
northern Ghana. The program focused on the Ghana Feed the Future Zone of Influence, which 
covers the three regions of northern Ghana – Northern, Upper West, and Upper East. This 
particular study was carried out at 2 locations in the Northern Region at Sapke and Yendi, and at 
3 locations in the Upper East Region, specifically Asubalik, and Sombolouna and Tilli. (Figure 
1). The Sombolouna location in the Upper East Region was split into two sites; Sombolouna East 
and Sombolouna West, because of the different management systems used by the producers. In 
the final analysis, this study was carried out on 6 different producer sites.  
The regions were sited in two major agroecological zones; the Guinea Savanna in the 
Northern Region and the Sudan Savanna in the Upper East Region. The two zones have similar 
climatic and vegetation patterns, with the main difference being the amount of rainfall and the 
length of the growing season (Oppong-Anane 2006). The Northern Region is in the Voltaian 
basin, and soils formed in this formation developed in parent material dominated by sandstone, 
mudstone and shale (Buri et al. 2012; Ado, 1995). As such soils in Northern Ghana, as at Sapke 
and Yendi, are inherently low in fertility because the parent material contains large amounts of 
iron and aluminum oxides, and the mineralogy is dominated by quartz (Tiessen, 1991). The 
Upper East Region is sited in the Birimian Basin, and the parent material is dominated by 




Somboulouna and Tilli), therefore, are comparatively more fertile than their counterparts in the 
Northern Region.   
At the beginning of the study, boundary coordinates of each field were surveyed with a 
GPS unit, and sizes of fields were estimated using ArcGIS (Table 1). Field sizes ranged from 
5.17 ha to 24.48 ha. All sites contained non-crop features (e.g. trees, roads and etc.) but field 
sizes were adjusted to quantify only corn producing areas. A summary of the field and cultural 
management practices adopted by producers is presented in Table 2. Fields at Asubalik, Sapke, 
and Yendi were not tilled at the beginning of the 2017 growing season. To the contrary, fields at 
Sombolouna East and Sombolouna West were moldboard plowed and harrowed. At Yendi, the 
field was plowed and ripped. The earliest planting was done at Tilli on June 30, 2017, and Sapke 
was the last field to be planted on July 18, 2017. The remaining fields were planted in the middle 
of July. Producers applied different blends of NPK at planting. All fields were side-dressed with 
urea midway through the season but Sapke received a second side-dressing at the R3 stage of the 
maize crop. Producers at Sombolouna used the Wang-Dataa, a 90-day open-pollinated maize 
variety. The rest of the producers used Sanzal-Sima variety, which is a 110-day open-pollinated 







Table 1. Geographical coordinates and field sizes of sites. 
Region Field Coordinates† Area 
    Latitude Longitude ha 
Northern Sapke 9.6461 -0.2528 24.48 
 Yendi 9.4419 0.1720 17.33 
Upper East Asubalik 10.6011 -1.1294 9.60 
 Sombolouna East 11.0054 -0.3927 7.74 
 Sombolouna West 11.0049 -0.3944 5.17 
  Tilli 10.9050 -0.5633 20.75 
† Coordinates recorded in decimal degrees. 
 
Figure 1. Study sites in the Northern and Upper East Regions of Ghana. 
Study sites are represented by black circles and the major cites of 
selected regions are denoted by black stars. The administrative regions of 








Unmanned Aerial Systems Technology: Image Capture and Processing 
Images of fields were captured using a fixed wing e-Bee Ag (senseFly, 2016). All flight-
plans for this project were created through senseFly’s eMotion software (senseFly, 2016). Site 
coordinates for each field from earlier field boundary mapping, were manually entered into 
eMotion to identify field location, and mission blocks for each field were created using 
horizontal mapping. Mission blocks are individual flight plans for a single location in the 
eMotion software. An example of a typical flight plan is presented in figure 2. Flight plan 
boundaries were extended approximately fifty meters past the site’s field boundaries to ensure 
complete coverage. Flight parameters were selected to ensure high spatial resolution and optimal 
overlap. Perpendicular lines for the flight plan were run to achieve a lateral overlap of 60% and a 
longitudinal overlap of 80%. An altitude of 74.3 m/ above elevation data (AED) was selected to 
obtain a resolution of 7.0cm/px. Above elevation data is a data model exclusive to the senseFly’s 
eMotion software. The AED were then downloaded for each site prior to first flight time. 
Starting points for take-off and home points for landing were determined at each location the day 
of the flight to account for wind direction and to avoid obstacles that could present a hazard for 
















Figure 2. Flight plan for the Asubalik site. Bolded lines show the flight plan of the UAV, and 




Before each flight, weather conditions were assessed to ensure a safe flight. According to 
the eBee User Manual revision February 18 2016 (senseFly Ltd, 2016), the aircraft is unable to 
fly in heavy rains, and should not be flown in wind speeds exceeding 12 m/s, or at temperatures 
above 35°C. The aircraft was assembled according to the direction in the user manual prior to 
each flight and connected to the eMotion 3 software. A general inspection of the eBee Ag was 
performed before each flight to ensure a safe flight. The sequoia, a multispectral (msp) camera 
produced by Parrot (Parrot, 2016) was used for all imagery data collection for this study. This 
camera captures images in four different spectral bands; Green, Red, Red Edge, and Near Infra-
Red. The camera was calibrated prior to each flight following the steps provided by the sequoia 
user manual. Once all these initial steps were taken, the UAV was ready to be launched. Images 
were captured at the V6, VT and R2 phenological stages of the corn crop of each field. During 
the mission, images were captured every 13 meters and the aircraft returned to the home point 
and completed an autonomous landing.  
 Images are processed through eMotion 3 which aligns the geo-referenced images and 
transfers them into Pix4D, another sensefly mapping software. Using the standard Ag 
Multispectral processing options in Pix4D, a NDVI map was generated. Field boundaries were 
drawn by using the regions tool to generate NDVI values for only area within the field of study. 
All of these processing tools were used for all flights for each field and at each phenological 







Delineation of Soil Management Zones 
Normalized difference vegetation index maps were imported into ArcMap 10.5.1 for each 
separate field and non-cropland features are removed at this time. Georeferenced NDVI point 
values were generated for each flight at the three different phenological stages (V6, VT and R2) 
of the corn crop for each field. The NDVI of identical geo-referenced points of the three 
phenological stages flown were summed and averaged by dividing by the number constituent 
layers, these data manipulations were accomplished using the raster calculator tool in ArcMap 
(Figure 3). The average NDVI layer values are subsequently aggregated into 5x5 m blocks with 
their averaged NDVI values.  
These aggregated blocks were reclassified into three groups based on Jenks, a natural 
breaks function. As stated by (Chen, 2013), Jenks classification method is used to determine the 
best arrangement for classification of data into different groups. Based on a prior knowledge of 
the field dynamics in terms of size, variability in land forms, and management factors, the 
numbers of appropriate management zones could vary from field to field (Zhang et al., (2002). 
Considering the sizes of producer fields in this study, the number of groups which constitute the 
SMZ, was limited to three. The three zones are separated by minimum and maximum NDVI 
values that were obtained from the aggregation. These zones are then designated as “high”,” 
medium” and “low” zones depending on the averaged NDVI point values. These three 







Corn Yield Assessment 
Three corn yield sampling areas were identified in each group of SMZ (high, medium 
and low) for each site using ArcMap. A 2 x 2 m sampling area was identified at the direct center 
of each zone to avoid any possible edge effects. Coordinates of the sampling areas were recorded 
and entered into a GPS unit to locate the georeferenced sampling points in the field. Corn yield 
data in the sampling areas were collected as follows: the number of corn plants and number of 
ears were recorded, ears were shelled by hand and kernels were weighed. Moisture content of 
each yield sample was determined in triplicates using the M3GTM (Dickey-john) to establish an 
average moisture content for each sample obtained. Final grain weight was determined by 
adjusting the field weight to 15.5% moisture content. Flags were placed at the center of each 2 x 
2-meter yield sampling point to mark off as eventual soil sampling location. 
Figure 3. An example of the raster calculation in ArcMap to generate the 
average value NDVI layer. The V6, VT, and R2 NDVI layers are rotated along 




Soil Sampling and Analysis 
Soil sampling points were located with a GPS unit. At the center of each sampling 
location, a soil pit was dug down to approximately 40 cm. Depth of the pit showing any evidence 
of organic matter concentration or stains was noted and characterized as surface horizon. Depth 
of soil between surface horizon and the bottom of the pit or an obvious change of properties was 
classified as the subsurface horizon. The two horizons were morphologically described in terms 
of depth, Munsell color and soil structure. Complete descriptions of these horizons are presented 
in Appendix A. The surface and subsurface samples were collected, thoroughly mixed, 
subsampled and bagged for analyses.  
All soil samples were analyzed at the Agronomy Department of Iowa State University. 
They were ground and sieved to pass a 2 mm sieve and particle size analysis was carried out 
using the pipette method of the National Soil Survey Center (Soil Survey Staff, 1996). Soil pH 
was measured in a 1:1 soil to water ratio using an Orion pH meter (Thermo Scientific, 2015; 
Peters et al., 2012). 
Total Nitrogen (TN) and total Carbon (TC) percentages were determined using 
combustion analysis with the Leco Truspec CN analyzer (Combs, S.M. and M.V. Nathan, 1998). 
Ammonium-Nitrogen (NH4-N), and Nitrate-Nitrogen (NO3-N) were measured using the KCL 
extraction method (Mulvaney, 1996). The extract was analyzed using a SynergyTM HTX Multi-
Mode Microplate Reader (Doane, T.A and W.R. Horwarth, 3003). Phosphorus (P) was extracted 
with the Melich-3 (M-3) solution and P concentration was determined with an ICP-AES (Spectro 
Ciros CCRD) (Frank, 1993). Soil potassium (K), calcium (Ca), magnesium (Mg), and sodium 
(Na), iron (Fe), manganese (Mn), aluminum (Al), zinc (Zn) and copper (Cu) were extracted 




Brown, 1998). Values were also extracted using M-3 extraction with ICP-AES (Whitney, D.A., 
1998).  
Statistical Analysis 
 Soil data were aggregated by horizons sampled (e.g. surface, subsurface). The soil 
parameters determined were as follows: TC, TN, NH4-N, NO3-N, P, K, Ca, Mg, Na, Zn, Fe, Al, 
Cu, pH and soil particle size. A complete list of the lab results can be found in Appendix B. 
PROC Glimixx Lsmeans was run in SAS (SAS Institute Inc., 2015) for each soil parameter and 
yield results to calculate least square mean values for high, medium and low SMZ. A Type III 
test on fixed effects was run for each soil property. Sites were sliced in SAS to run a simple 
effect comparison to compare mean values of site-specific properties between high, medium and 
low SMZ. Pearson correlation analysis was run using SAS, to determine significant relationships 
between yield and soil properties. To test for significant differences of the soil property levels 
between the surface and subsurface soil horizons, a paired t-test was used. A coefficient of 
variance (CV) was also calculated separately for each field using Excel, to identify variation of 










CHAPTER 3: RESULTS AND DISCUSSION 
General Description of Soils: Northern Region 
Soils at the six sites can be grouped and discussed as a function of their geological 
formations and from parent material from which they formed. Soils from the Northern Region, 
Sapke and Yendi, were formed in weathered sandstone in the Voltaian Basin. In the Upper East 
sites at Asubalik, Sombolouna East and West and Tilli, soils developed in the weathered material 
of granite, greenstone, and phyllites in the Birimian Basin (Buri et al. 2012; Adu 1995). The 
effect of parent material as a soil forming factor and its impact on the properties of the soils will 
be discussed. Due to the distinct differences in soil properties among sites, each soil will be 
discussed in its own merit with regards to their general properties. Low skewness values and 
little difference between mean and median values were detected for all data collected, backing up 
the assumption that all of the data are normally distributed.  
Sapke  
Surface and subsurface soils for this site have loamy textures, however, there is a 
significant increase in clay in the subsurface although not enough to change the textural class 
(Tables 3-5). Mean pH values decreased from 6.7 in the surface to 5.1 in the subsurface. This 
decrease in pH is significant as presented in Table 5.  The soil has high amounts of extractable 
Al which increase with depth. There was a significant decrease in TC with depth. This is as a 
result of accumulation of plant and animal residue in the surface soil. The range of TN levels are 
0.13 – 0.11 g kg-1 at this site. Phosphorus levels are very low with a mean P values range of 
13.01 mg kg-1 in the surface horizon to a significantly higher of 9.96 mg kg-1 in the subsurface 




sites in both horizons. The levels of Ca decreases with depth. Iron and Mn constitute the major 
micronutrients in the soils at Sapke.  
The textural components of sand, silt and clay have medium variability in both the 
surface and subsurface horizons. Total C, TN, and P are moderately variable in both horizons. 
However, the N parameters NO3-N and NH4-N are extremely variable in both surface with very 
high CVs. This could be related to the instability of nitrogen species as a function of temporal 
variations soil environmental conditions such wetness and dryness as well as plant uptake. 
Among the extractable bases, K and Ca are highly variable in the surface horizon. Extractable K 
dropped into the medium variable category in the subsoil while Ca became highly variable in the 
subsoil (CV = 77.54%). Extractable Mg and Na are moderately variable in the surface soil but 
both are highly variable in the subsurface.  
The degree of variability of micronutrients in the surface soil is in the order 
Cu>Zn>Mn>Fe. They show the same trend in the subsoil. The soil acidity parameters exhibit 
medium variation in both surface and subsurface horizons.  
The relationship between soil parameters was determined by Pearson correlation. These 
relationships have been shown in Tables 6, for soils at Sapke. There is a great relationship 
between soil properties and plant nutrients in the Sapke soil. Sand is positively and significantly 
correlated with the following nutrients: P (r = 0.85), K (r = 0.78), Mg (r = 0.67) and Zn (r = 
0.56). Clay had negative relationship with most of the nutrients in this soil. Among the plant 
nutrients, both macro and micro, P is positively and significantly correlated with K (r = 0.92), Ca 
(r = 0.65), Mg (r = 0.57), Zn (r = 0.74). The acidity parameter Al is negatively correlated with 





Table 3. Descriptive statistics of soil attributes in the surface horizon of the Sapke site. 
Property Mean SD Minimum Maximum CV Kurtosis Skew 
Particle Size 
Sand g kg-1 47.61 11.57 30.84 62.36 24.29 -1.34 -0.40 
Silt g kg-1 37.41 10.52 22.91 54.67 28.11 -0.66 0.63 
Clay g kg-1 14.97 4.09 10.77 24.98 27.31 2.28 1.70 
Macronutrients 
Total C g kg-1 1.50 0.50 0.90 2.40 33.17 -0.76 0.43 
Total N g kg-1 0.13 0.03 0.10 0.18 24.37 -1.05 0.59 
NH4-N mg kg-1 11.42 9.07 4.50 31.30 79.39 0.62 1.48 
NO3-N mg kg-1 9.30 10.04 2.05 35.60 111.23 2.96 2.06 
P mg kg-1 13.01 2.80 10.00 17.40 21.50 -1.22 0.48 
Extractable Base Cations 
K mg kg-1 83.89 40.16 49.00 166.00 47.88 -0.08 1.08 
Ca mg kg-1 1103.70 534.47 352.00 2212.00 48.43 0.24 0.80 
Mg mg kg-1 173.67 40.93 96.00 229.00 23.57 -0.46 -0.43 
Na mg kg-1 74.22 17.13 47.00 103.00 23.08 -0.73 0.14 
Micronutrients 
Cu mg kg-1 1.52 0.15 1.40 1.80 9.73 -0.70 0.82 
Fe mg kg-1 103.33 38.37 73.00 183.00 37.13 0.12 1.27 
Mn mg kg-1 160.44 40.57 89.00 203.00 25.28 -0.95 -0.58 
Zn mg kg-1 2.20 0.34 1.90 2.80 15.25 -1.07 0.61 
Soil Acidity 
Al  mg kg-1 618.00 132.68 449.00 876.00 21.47 -0.17 0.94 
pH 6.17 0.80 4.80 7.51 13.03 -0.51 0.10 










Table 4. Descriptive statistics of soil attributes in the subsurface horizon of the Sapke site. 
Property Mean SD Minimum Maximum CV Kurtosis Skew 
Particle Size 
Sand g kg-1 39.47 8.97 24.54 50.84 22.72 -0.94 -0.29 
Silt g kg-1 37.77 10.40 23.58 54.51 27.53 -0.96 0.40 
Clay g kg-1 22.76 4.30 17.50 28.19 18.89 -1.60 0.09 
Macronutrients 
Total C g kg-1 0.95 0.19 0.80 1.30 19.49 -0.56 0.79 
Total N g kg-1 0.11 0.02 0.08 0.13 16.12 -1.04 -0.66 
NH4-N mg kg-1 6.59 1.03 5.10 7.80 15.63 -1.36 -0.29 
NO3-N mg kg-1 6.09 5.60 1.90 18.90 91.96 1.59 1.70 
P mg kg-1 9.96 1.33 7.50 11.60 13.31 -0.53 -0.66 
Extractable Base Cations 
K mg kg-1 59.5 16 42.00 96.00 26.89 1.69 1.56 
Ca mg kg-1 646.38 501.18 370.00 1854.00 77.54 2.56 2.04 
Mg mg kg-1 131.25 69.86 61.00 256.00 53.22 -0.69 0.90 
Na mg kg-1 73.5 28.11 11.00 107.00 38.25 1.35 -1.37 
Micronutrients 
Cu mg kg-1 1.68 0.20 1.40 1.90 11.83 -1.22 -0.34 
Fe mg kg-1 86.38 22.08 62.00 126 25.57 -0.74 0.60 
Mn mg kg-1 90.13 38.46 47.00 145.00 42.68 -1.43 0.33 
Zn mg kg-1 1.98 0.27 1.60 2.40 13.46 -0.98 0.09 
Soil Acidity 
Al  mg kg-1 887.25 216.21 558.00 1271.00 24.37 -0.33 0.19 
pH 5.09 1.02 4.28 7.17 19.96 0.14 1.16 










Table 5. T-test comparison of soil properties in surface and subsurface at Sapke 
Property P Value 
Particle Size 
Sand g kg-1 0.12 
Silt g kg-1 0.94 
Clay g kg-1 < 0.01* 
Macronutrients 
Total C g kg-1 0.01* 
Total N g kg-1 0.17 
NH4-N mg kg-1 0.15 
NO3-N mg kg-1 0.43 
P mg kg-1 0.01* 
Extractable Base Cations 
K mg kg-1 0.12 
Ca mg kg-1 0.09 
Mg mg kg-1 0.16 
Na mg kg-1 0.95 
Micronutrients 
Cu mg kg-1 0.10 
Fe mg kg-1 0.28 
Mn mg kg-1 < 0.01* 
Zn mg kg-1 0.14 
Soil Acidity 
Al  mg kg-1 0.01* 
pH 0.03* 










The surface and subsurface textural classes for this site were both sandy loam, however, 
there were significant differences in the amount of sand and silt between the two horizons (Table 
9). The pH value decreased from 6.1 in the surface to a nonsignificant level of 5.8 in the subsoil 
(Tables 7 and 8).  Total levels of TC were low for this site, which is in line with observations 
made by Ziblim et. al (2012). There was a significant decrease in TC from the surface to the 
subsurface horizon. Low levels of P were measured at Yendi and mean P values are 14.79, and 
11.63 mg kg-1 in the surface and subsurface soils, respectively, and the difference is not 
significant. Calcium dominated the cation exchange sites at Yendi. The micronutrients Fe and 
Mn made up the largest portion of the micronutrients measured at this site. Clay exhibits the 
highest variability among the particle size variables in both horizons.  The CVs for NO3-N are 
high in both the surface (CV = 55.48%) and the subsurface (CV = 42.10%).  Sodium shows high 
variability in the surface and moderate variation in the subsurface. While Mn shows high 
variability in both horizons, the rest of the micronutrients have medium variation within the soil.  
In the Yendi soil, there were few significant relationships between plant nutrients and soil 
properties (Table 10). The correlation between sand and the following nutrients are significant: P 








Table 7. Descriptive statistics of soil attributes in the surface horizon of the Yendi site 
Property Mean SD Minimum Maximum CV Kurtosis Skewness 
Particle Size 
Sand g kg-1 67.46 3.04 64.08 72.51 4.51 -1.19 0.63 
Silt g kg-1 21.62 5.15 9.76 26.58 23.81 1.19 -1.39 
Clay g kg-1 10.92 5.06 7.64 23.99 46.30 3.33 2.20 
Macronutrients 
Total C g kg-1 0.68 0.20 0.40 1.00 30.22 -0.97 0.04 
Total N g kg-1 0.07 0.01 0.05 0.08 17.85 -0.68 -0.99 
NH4-N mg kg-1 5.77 1.37 4.60 9.20 23.75 2.60 1.93 
NO3-N mg kg-1 2.99 1.67 0.85 5.75 55.48 -1.05 0.15 
P mg kg-1 14.79 4.04 9.60 23.50 27.34 0.52 0.97 
Extractable Base Cations 
K mg kg-1 53.67 12.04 39.00 75.00 22.44 -0.94 0.41 
Ca mg kg-1 610.89 167.11 390.00 969.00 27.36 0.50 0.91 
Mg mg kg-1 94.11 25.53 71.00 152.00 27.13 0.92 1.37 
Na mg kg-1 14.67 7.21 1.00 26.00 49.17 -0.15 -0.26 
Micronutrients 
Cu mg kg-1 1.62 0.38 1.10 2.10 23.63 -1.54 0.13 
Fe mg kg-1 58.00 10.93 44.00 72.00 18.85 -1.60 -0.01 
Mn mg kg-1 81.56 30.27 42.00 120.00 37.12 -1.53 0.01 
Zn mg kg-1 1.97 0.18 1.70 2.20 9.17 -1.29 -0.02 
Soil Acidity 
Al  mg kg-1 501.11 116.44 365.00 649.00 23.24 -1.75 -0.05 
pH 6.11 0.14 5.88 6.32 2.23 -0.82 -0.21 











Table 8. Descriptive statistics of soil attributes in the subsurface horizon of the Yendi site. 
Property Mean SD Minimum Maximum CV Kurtosis Skewness 
Particle Size 
Sand g kg-1 61.70 6.09 52.15 68.98 9.86 -1.16 -0.48 
Silt g kg-1 25.96 2.97 21.79 31.30 11.43 -0.62 0.18 
Clay g kg-1 12.34 4.18 8.04 19.40 33.87 -1.30 0.46 
Carbon, Nitrogen and Phosphorus 
Total C g kg-1 0.48 0.19 0.20 0.80 40.23 -0.61 -0.12 
Total N g kg-1 0.07 0.02 0.05 0.11 25.60 1.53 1.34 
NH4-N mg kg-1 6.03 1.32 4.45 8.50 21.91 -0.73 0.54 
NO3-N mg kg-1 3.27 1.38 0.35 5.15 42.10 0.49 -0.79 
P mg kg-1 11.63 3.14 8.00 18.70 27.03 0.94 1.32 
Extractable Base Cations 
K mg kg-1 48.44 3.68 44.00 54.00 7.59 -1.27 0.18 
Ca mg kg-1 465.67 131.04 296.00 627.00 28.14 -1.69 -0.14 
Mg mg kg-1 89.67 17.31 66.00 110.00 19.30 -1.60 0.02 
Na mg kg-1 14.00 3.71 11.00 22.00 26.49 0.31 1.15 
Micronutrients 
Cu mg kg-1 1.58 0.46 1.20 2.30 29.18 -1.32 0.64 
Fe mg kg-1 52.67 8.86 39.00 64.00 16.82 -1.37 -0.09 
Mn mg kg-1 61.11 25.93 22.00 99.00 42.42 -1.21 0.04 
Zn mg kg-1 1.94 0.25 1.50 2.20 12.63 -0.92 -0.39 
Soil Acidity 
Al  mg kg-1 547.22 151.16 372.00 836.00 27.62 -0.52 0.63 
pH 5.84 0.38 5.21 6.36 6.59 -1.11 -0.14 











Table 9. T-test comparison of soil properties in surface and subsurface at the Yendi site 
Property P Value 
Particle Size 
Sand g kg-1 0.03* 
Silt g kg-1 0.05* 
Clay g kg-1 0.53 
Macronutrients 
Total C g kg-1 0.05* 
Total N g kg-1 0.76 
NH4-N mg kg-1 0.69 
NO3-N mg kg-1 0.70 
P mg kg-1 0.08 
Extractable Base Cations 
K mg kg-1 0.24 
Ca mg kg-1 0.06 
Mg mg kg-1 0.67 
Na mg kg-1 0.81 
Micronutrients 
Cu mg kg-1 0.83 
Fe mg kg-1 0.27 
Mn mg kg-1 0.14 
Zn mg kg-1 0.83 
Soil Acidity 
Al  mg kg-1 0.48 
pH 0.07 







General Description of Soils: Upper East Region 
Asubalik 
Asubalik has loamy textures in the surface horizon and grades into clay loam in the 
subsurface. This site was slightly acidic with a pH of 6.14 in the subsoil (Table 12). There was a 
significant increase of clay in the subsurface horizon, compared to the surface. This is likely the 
result of eluviation of clay from the surface horizon. The surface horizon had significantly 
greater amounts of TC and TN (Table 13), while generally low levels of N and P were obtained. 
This is a reflection of land management systems in which crop residues are grazed to livestock 
and at times used for construction purposes. This often leads to the depletion of C stocks in the 
soil. Additionally, high respiration losses due to high temperatures also depletes soil C (Brady 
and Weil, 1999) and this is further exacerbated by extensive cropping of fields without much 
external inputs. Calcium levels were much higher than any of the nutrients recorded with a value 
of 2375 mg kg-1 in the subsoil. Similar to TC and TN, there were significantly higher amounts of 
Fe in the surface horizon.  
The silt fraction exhibited a medium variation (CV= 17.60%) in the surface soil, while 
the sand and clay fractions had a low CV (Table 11). In the subsurface, all the three textural 
components exhibited a medium variation.  
The NO3-N levels in both horizons are very highly variable. Among the extractable base 
cations, Mg and Na are highly variable in the surface horizon, but Mg and Na have high CVs in 
the subsoil.  Among the micronutrients, CVs for Cu and Zn are 48.02% and 94.5%, respectively 
in the surface. In the subsoil, Cu and Mn have the high CVs. While pH has low CVs in the two 




Levels of Fe were significantly greater in the surface than the subsurface horizon.  The 
micronutrients had a wide variation between CVs for both the surface and subsurface soils, with 
generally medium to high CVs. The pH significantly decreased from the surface to the 
subsurface horizon. In the surface, both soil acidity parameters (Al and pH) were low in 
variance. However, in the subsurface exchangeable Al had a moderate CV (16.17%). 
A Pearson correlation was run for this site and few significant correlations between soil 
parameters were identified. The correlations between soil parameters for Asubalik are presented 
















Table 11. Descriptive statistics of soil attributes in the surface horizon of the Asubalik site. 
Property Mean SD Minimum Maximum CV Kurtosis Skewness 
Particle Size 
Sand g kg-1 45.27 45.27 37.77 54.69 13.24 -1.3 0.4 
Silt g kg-1 31.14 5.48 22.93 36.28 17.6 -1.52 -0.44 
Clay g kg-1 23.59 2.24 20.79 27.68 9.51 -0.73 0.59 
Macronutrients 
Total C g kg-1 1.36 0.18 1 1.6 13.36 -0.25 -0.63 
Total N g kg-1 0.1 0.01 0.08 0.12 12.29 -0.46 0.44 
NH4-N mg kg-1 9.18 1.59 6.15 11.05 17.27 -0.31 -0.93 
NO3-N mg kg-1 3.27 2.50 0.45 7.95 76.41 -0.66 0.77 
P mg kg-1 5.42 1.58 2.6 7.3 29.16 -0.65 -0.68 
Extractable Base Cations 
K mg kg-1 65.89 23.25 49 110 35.28 -0.3 1.17 
Ca mg kg-1 1826.2 225.23 1510 2263 12.33 -0.18 0.76 
Mg mg kg-1 494.11 112.32 392 724 22.73 -0.15 1.04 
Na mg kg-1 40.22 19.38 10 74 48.19 -0.65 0.28 
Micronutrients 
Cu mg kg-1 1.27 0.61 0.3 2.5 48.02 0.37 0.63 
Fe mg kg-1 92.22 12.81 73 110 13.9 -0.06 -0.06 
Mn mg kg-1 92.11 30.69 44 126 33.32 -1.53 -0.36 
Zn mg kg-1 1.54 1.46 0.2 5.1 94.5 2.13 1.72 
Soil Acidity 
Al  mg kg-1 534.89 62.63 466 662 11.71 -0.08 -0.08 
pH 6.37 0.27 5.87 6.72 4.17 -0.58 -0.53 











Table 12. Descriptive statistics of soil attributes in the subsurface horizon of the Asubalik site 
Property Mean SD Minimum Maximum CV Kurtosis Skew 
Particle Size 
Sand g kg-1 44.15 10.28 28.20 62.40 23.29 -0.57 0.17 
Silt g kg-1 22.42 6.12 15.11 33.50 27.30 -0.57 0.83 
Clay g kg-1 33.43 5.57 22.49 40.74 16.65 -0.19 -0.58 
Macronutrients 
Total C g kg-1 0.86 0.16 0.60 1.10 18.58 -0.95 -0.01 
Total N g kg-1 0.08 0.01 0.06 0.10 18.42 -1.22 0.46 
NH4-N mg kg-1 10.47 2.22 7.75 15.00 21.22 0.05 0.83 
NO3-N mg kg-1 4.07 4.04 0.40 13.85 99.36 1.98 1.66 
P mg kg-1 5.60 2.57 1.30 11.00 45.89 0.88 0.64 
Extractable Base Cations 
K mg kg-1 42.22 7.33 26.00 50.00 17.36 0.71 -1.19 
Ca mg kg-1 1654.10 446.90 918.00 2375.00 27.02 -0.63 -0.04 
Mg mg kg-1 454.89 193.21 219.00 825.00 42.47 -0.38 0.84 
Na mg kg-1 33.89 18.84 0.00 63.00 55.59 -0.51 -0.38 
Micronutrients 
Cu mg kg-1 1.13 0.56 0.10 1.90 49.33 -0.56 -0.44 
Fe mg kg-1 71.56 17.76 52.00 106.00 24.81 -0.32 0.92 
Mn mg kg-1 110.67 62.00 36.00 211.00 56.02 -1.15 0.34 
Zn mg kg-1 1.18 0.39 0.40 1.70 33.37 -0.24 -0.69 
Soil Acidity 
Al  mg kg-1 590.56 95.50 437.00 723.00 16.17 -1.18 -0.23 
pH 6.14 0.23 5.70 6.53 3.67 0.34 -0.27 











Table 13. T-test comparison of soil properties in surface and subsurface at the Asubalik site 
 
Property P Value 
Particle Size 
Sand g kg-1 0.78 
Silt g kg-1 0.01* 
Clay g kg-1 < 0.01* 
Macronutrients 
Total C g kg-1 < 0.01* 
Total N g kg-1 0.01* 
NH4-N mg kg-1 0.10 
NO3-N mg kg-1 0.62 
P mg kg-1 0.86 
Extractable Base Cations 
K mg kg-1 0.02* 
Ca mg kg-1 0.32 
Mg mg kg-1 0.61 
Na mg kg-1 0.49 
Micronutrients 
Cu mg kg-1 0.64 
Fe mg kg-1 0.01* 
Mn mg kg-1 0.44 
Zn mg kg-1 0.49 
Soil Acidity 
Al  mg kg-1 0.17 
pH 0.06 












The soils were clayey for both horizons and exhibit some vertic properties, as shown in 
Figure 4. This site was slightly acidic, with pH around 6.3 for both horizons (Tables 14 and 15). 
High levels of extractable Al were obtained and the levels decreased with depth, although not 
significantly. There were generally low values for macronutrients and micronutrients. There 
were only significant differences between the horizons for NH4-N and Mn, with the surface 
horizon having higher levels for each nutrient (Table 16).   
The sand fraction is the most variable (CV = 35.90%) among the particle size attributes. 
Total C, TN, NO3-N NH4-N and P have high CVs in both horizons. Sodium has high CVs in 
both horizons. In the micronutrients group, the most variable are Cu and Zn in both horizons. 
The pH of this soil has low variation and Al has moderate variation in both horizons. 
Few significant correlations were observed between soil properties at this site after 
running the Pearson correlation. The correlations between parameters tested are shown in 


















Table 14. Descriptive statistics of soil attributes in the surface horizon of the Sombolouna East site. 
Property Mean SD Minimum Maximum CV Kurtosis Skewness 
Particle Size 
Sand g kg-1 16.76 6.02 7.61 24.35 35.90 -1.33 -0.28 
Silt g kg-1 36.97 4.85 30.83 46.31 13.11 -0.48 0.60 
Clay g kg-1 46.27 4.51 39.91 56.82 9.75 1.78 1.32 
Macronutrients 
Total C g kg-1 1.12 0.45 0.50 1.70 39.80 -1.38 0.23 
Total N g kg-1 0.12 0.05 0.06 0.17 37.50 -1.58 -0.18 
NH4-N mg kg-1 10.87 4.71 5.75 19.80 43.33 -0.65 0.74 
NO3-N mg kg-1 6.96 6.99 0.75 20.50 100.46 -0.54 0.93 
P mg kg-1 5.98 3.45 1.70 12.40 57.79 -0.61 0.39 
Extractable Base Cations 
K mg kg-1 146.33 37.58 101.00 192.00 25.68 -1.59 0.07 
Ca mg kg-1 2947.20 30.77 1757.00 4551.00 31.57 -1.49 -0.08 
Mg mg kg-1 963.00 165.33 725.00 1231.00 17.17 -0.94 0.32 
Na mg kg-1 50.56 30.77 11.00 94.00 60.87 -1.49 -0.08 
Micronutrients 
Cu mg kg-1 1.39 0.89 0.50 2.60 64.04 -1.62 0.33 
Fe mg kg-1 133.56 24.17 90.00 165.00 18.10 -0.78 -0.52 
Mn mg kg-1 124.56 43.08 55.00 181.00 34.59 -1.08 0.08 
Zn mg kg-1 1.79 1.39 0.30 4.10 77.68 -1.28 0.26 
Soil Acidity 
Al  mg kg-1 665.22 173.38 426.00 903.00 26.06 -1.48 -0.16 
pH 6.23 0.53 5.33 6.91 8.51 -1.04 -0.39 










Table 15. Descriptive statistics of soil attributes in the subsurface horizon of the Sombolouna East site. 
Property Mean SD Minimum Maximum CV Kurtosis Skew 
Particle Size 
Sand g kg-1 17.74 5.88 9.27 28.27 33.13 -0.63 0.31 
Silt g kg-1 33.76 3.68 29.60 40.69 10.89 -0.56 0.75 
Clay g kg-1 48.50 4.79 42.13 56.07 9.87 -1.18 0.31 
Macronutrients 
Total C g kg-1 0.73 0.32 0.40 1.30 43.12 -0.62 0.91 
Total N g kg-1 0.10 0.05 0.04 0.21 52.63 -0.25 0.70 
NH4-N mg kg-1 7.14 1.58 4.90 9.80 22.15 -0.98 0.16 
NO3-N mg kg-1 6.04 3.97 1.40 12.60 65.79 -0.80 0.73 
P mg kg-1 4.07 3.33 0.40 8.20 81.86 -1.70 0.07 
Extractable Base Nutrients 
K mg kg-1 123.67 34.60 79.00 190.00 27.98 -0.47 0.56 
Ca mg kg-1 2754.60 911.01 1443.00 4131.00 33.07 -1.20 0.11 
Mg mg kg-1 886.00 148.54 646.00 1102.00 16.77 -0.89 0.02 
Na mg kg-1 38.67 28.89 10.00 89.00 74.71 -1.14 0.35 
Micronutrients 
Cu mg kg-1 1.27 0.95 0.30 2.80 75.31 -1.45 0.42 
Fe mg kg-1 114.89 22.16 80.00 154.00 19.29 -0.58 0.22 
Mn mg kg-1 81.56 31.77 29.00 116.00 38.96 -1.22 -0.59 
Zn mg kg-1 1.10 1.01 0.10 2.40 91.81 -1.82 0.27 
Soil Acidity 
Al  mg kg-1 620.33 128.25 455.00 762.00 20.67 -1.69 -0.23 
pH 6.37 0.58 5.30 7.06 9.10 -0.74 -0.62 











Table 16. T-test comparison of soil properties in surface and subsurface at the Sombolouna site 
 
Property P Value 
Particle Size 
Sand g kg-1 0.73 
Silt g kg-1 0.13 
Clay g kg-1 0.32 
Macronutrients 
Total C g kg-1 0.05 
Total N g kg-1 0.46 
NH4-N mg kg-1 0.05* 
NO3-N mg kg-1 0.74 
P mg kg-1 0.25 
Extractable Base Cations 
K mg kg-1 0.20 
Ca mg kg-1 0.66 
Mg mg kg-1 0.31 
Na mg kg-1 0.41 
Micronutrients 
Cu mg kg-1 0.78 
Fe mg kg-1 0.11 
Mn mg kg-1 0.03* 
Zn mg kg-1 0.25 
Soil Acidity 
Al  mg kg-1 0.54 
pH 0.60 
* - P value <0.05 
 
Sombolouna West 
 Clayey textured soils were present in both horizons for this site, and vertic properties 
were observed (Figure 4). Soil pH for this site ranged from 6.65 to 6.41 from the surface to 
subsurface horizon, however, there was no evidence of a significant difference (Tables 17-19). 
Relative high levels of extractable Al were determined at this site. Significant differences in 
properties between horizons occurred only in TC and NH4-N at this site. Both nutrients were 




moderately variable in the surface and subsurface horizons but silt and clay have low variation in 
the two horizons. Nitrate -N and P have high CVs in both surface and subsurface horizons and 
Cu, Mn and Zn, have high CVs in the same horizons. Acidity parameters have low CVs in both 
horizons. 
Correlations between soil properties are found in Appendix B for this site, with generally 
low significant correlations obtained. 
Table 17. Descriptive statistics of soil attributes in the surface horizon of the Sombolouna West site 
Property Mean SD Minimum  Maximum CV Kurtosis Skewness 
Particle Size 
Sand g kg-1 10.16 1.69 8.01 13.70 16.62 0.30 0.76 
Silt g kg-1 32.56 2.68 26.71 35.69 8.24 0.53 -1.10 
Clay g kg-1 57.29 1.39 55.79 59.59 2.43 -1.32 0.35 
Macronutrients 
Total C g kg-1 0.79 0.15 0.60 1.00 19.48 -1.42 -0.24 
Total N g kg-1 0.10 0.02 0.07 0.12 16.79 -1.04 -0.35 
NH4-N mg kg-1 6.76 0.80 5.40 7.80 11.79 -0.81 -0.43 
NO3-N mg kg-1 1.30 1.02 0.50 3.75 78.16 1.89 1.76 
P mg kg-1 2.64 1.61 0.60 5.30 60.92 -1.15 0.41 
Extractable Base Cations 
K mg kg-1 174.67 37.17 106.00 228.00 21.28 -0.51 -0.54 
Ca mg kg-1 4238.10 999.38 2829.00 5937.00 23.58 -0.76 0.43 
Mg mg kg-1 1178.90 185.32 913.00 1439.00 15.72 -1.38 -0.01 
Na mg kg-1 50.56 32.75 14.00 91.00 64.78 -1.65 0.15 
Micronutrients 
Cu mg kg-1 0.82 0.41 0.40 1.70 49.32 0.47 1.05 
Fe mg kg-1 108.44 11.70 90.00 123.00 10.79 -1.27 -0.40 
Mn mg kg-1 100.33 39.06 40.00 144.00 38.93 -1.30 -0.28 
Zn mg kg-1 0.70 0.41 0.30 1.30 58.47 -1.47 0.60 
Soil Acidity 
Al  mg kg-1 723.00 68.88 570.00 803.00 9.53 0.81 -1.29 
pH 6.65 0.33 6.04 7.11 4.91 -0.22 -0.25 





Table 18. Descriptive statistics of soil attributes in the subsurface horizon of the Sombolouna West site. 
Property Mean SD Minimum Maximum CV Kurtosis Skewness 
Particle Size 
Sand g kg-1 9.67 3.84 6.84 19.40 39.72 2.89 2.03 
Silt g kg-1 32.85 2.06 29.88 36.80 6.26 -0.31 0.48 
Clay g kg-1 57.48 3.00 50.72 60.26 5.22 0.85 3.00 
Macronutrients 
Total C g kg-1 0.60 0.10 0.50 0.80 16.67 -0.19 0.80 
Total N g kg-1 0.09 0.01 0.08 0.10 7.86 -0.75 0.00 
NH4-N mg kg-1 5.42 0.93 3.65 7.05 17.23 0.19 -0.23 
NO3-N mg kg-1 1.55 1.17 0.40 3.80 75.69 -0.60 0.82 
P mg kg-1 3.31 1.38 0.40 4.90 41.59 0.21 -0.98 
Extractable Base Cations 
K mg kg-1 151.11 23.12 105.00 180.00 15.30 -0.10 -0.70 
Ca mg kg-1 3949.00 1022.30 2204.00 5527.00 25.89 -0.40 0.20 
Mg mg kg-1 1119.80 147.50 890.00 1408.00 13.17 -0.02 0.40 
Na mg kg-1 50.67 33.92 10.00 85.00 66.95 -1.89 -0.20 
Micronutrients 
Cu mg kg-1 0.87 0.45 0.30 1.80 52.24 0.03 0.85 
Fe mg kg-1 102.67 9.76 94.00 126.00 9.51 1.77 1.64 
Mn mg kg-1 75.89 31.26 35.00 120.00 41.20 -1.46 0.28 
Zn mg kg-1 0.80 0.29 0.50 1.20 35.98 -0.75 0.00 
Soil Acidity 
Al  mg kg-1 701.00 63.72 612.00 805.00 9.09 -1.13 0.15 
pH 6.41 0.32 5.98 6.91 4.93 -0.90 0.28 










Table 19. T-test comparison of soil properties in surface and subsurface at the Sombolouna West site. 
Property P Value 
Particle Size 
Sand g kg-1 0.73 
Silt g kg-1 0.80 
Clay g kg-1 0.86 
Macronutrients 
Total C g kg-1 < 0.01* 
Total N g kg-1 0.22 
NH4-N mg kg-1 < 0.01* 
NO3-N mg kg-1 0.64 
P mg kg-1 0.36 
Extractable Base Cations 
K mg kg-1 0.13 
Ca mg kg-1 0.55 
Mg mg kg-1 0.47 
Na mg kg-1 0.99 
Micronutrients 
Cu mg kg-1 0.83 
Fe mg kg-1 0.27 
Mn mg kg-1 0.16 
Zn mg kg-1 0.57 
Soil Acidity 
Al  mg kg-1 0.49 
pH 0.13 












 This site had relatively coarse textured soils with a loamy sand textural class in the 
surface horizon and a sandy loam texture in the subsurface. There is significantly greater 
amounts of sand in the surface horizon than the subsurface, while silt was significantly higher in 
the subsurface than the surface (Tables 20-22). The soils are moderately acidic at Tilli in the 
surface horizon (pH = 5.21), but pH increases to 5.28 in the subsoil, however, this increase is not 
significant. This relatively low pH of the soil at Tilli could be related to the enhanced leaching of 
bases out of the soil because of the relatively porous nature of the sandy loam material. The pH 
of the Tilli soil is below the average of 6.5 that has been established as ideal to promote nutrient 
availability in the active zone of soils (Foth and Ellis, 1997). Total C levels are very low in both 
surface and subsurface horizons of Tilli. There are relatively low levels of all plant nutrients 
measured for this site.  
Silt is the most variable among the particle size parameters. This soil is characterized by a 
very highly variable NO3-N levels, in the surface horizon with a CV of 239.37 % and 122.05% in 
the subsoil. This is followed by NH4-N also in both horizons. Sodium is also highly variable in 
the surface and subsoil horizons while the other extractable exchangeable have moderate 
variability in the soil. Manganese is the most variable among the micronutrients. The acidity 
parameters have low variability in both are surface and subsurface horizons.  
Using the Pearson correlation, there were very few significant correlations observed 
between soil properties. The calculated correlations between soil parameters for this site are 





Table 20. Descriptive statistics of soil attributes in the surface horizon of the Tilli site 
Property Mean SD Minimum Maximum CV Kurtosis Skewness 
Particle Size 
Sand g kg-1 83.10 3.55 75.10 87.41 4.27 1.05 -1.17 
Silt g kg-1 11.96 2.91 8.51 18.29 24.34 0.58 1.02 
Clay g kg-1 4.94 0.72 4.08 6.61 14.48 1.47 1.39 
Macronutrients 
Total C g kg-1 0.47 0.20 0.30 0.90 42.86 0.36 1.18 
Total N g kg-1 0.08 0.03 0.03 0.11 36.24 -0.85 -0.51 
NH4-N mg kg-1 6.38 3.05 1.30 11.90 47.83 -0.07 -0.05 
NO3-N mg kg-1 5.21 12.48 0.10 38.40 239.37 4.10 2.47 
P mg kg-1 16.01 2.78 13.00 21.10 17.39 -0.85 0.47 
Extractable Base Cations 
K mg kg-1 67.56 16.49 41.00 94.00 24.41 -0.62 0.17 
Ca mg kg-1 492.44 158.45 321.00 857.00 32.18 1.22 1.36 
Mg mg kg-1 60.22 22.76 35.00 109.00 37.79 0.35 0.98 
Na mg kg-1 33.78 32.55 14.00 93.00 96.37 -0.29 1.27 
Micronutrients 
Cu mg kg-1 1.43 0.23 1.10 1.80 16.36 -0.70 0.56 
Fe mg kg-1 137.44 57.19 77.00 251.00 41.61 -0.34 0.93 
Mn mg kg-1 24.00 13.33 12.00 53.00 55.55 0.42 1.19 
Zn mg kg-1 2.14 0.45 1.70 3.20 21.13 1.37 1.44 
Soil Acidity 
Al  mg kg-1 447.67 33.66 375.00 487.00 7.52 0.58 -0.91 
pH 5.21 0.26 4.75 5.65 5.05 -0.38 -0.02 










Table 21. Descriptive statistics of soil attributes in the subsurface horizon of the Tilli site 
Property Mean SD Minimum Maximum CV† Kurtosis Skew 
Particle Size 
Sand g kg-1 78.09 3.01 73.1 83.2 3.86 -0.98 -0.10 
Silt g kg-1 13.68 1.56 11.26 15.93 11.37 -0.98 -0.10 
Clay g kg-1 8.23 1.82 4.95 10.97 22.09 -0.56 -0.32 
Macronutrients 
Total C g kg-1 0.26 0.13 0.1 0.5 52.17 -0.68 0.55 
Total N g kg-1 0.07 0.01 0.03 0.09 27.59 0.05 -0.88 
NH4-N mg kg-1 7.07 4.69 2.25 16.25 66.29 -0.24 1.09 
NO3-N mg kg-1 1.82 2.22 0 6.9 122.05 1.05 1.50 
P mg kg-1 10.57 1.61 8.4 13.3 15.25 -0.74 0.55 
Extractable Base Cations 
K mg kg-1 50.56 13.59 32 73 26.89 -0.83 0.42 
Ca mg kg-1 537.44 122.62 309 703 22.82 -0.62 -0.44 
Mg mg kg-1 52.89 10.35 34 65 19.57 -0.79 -0.59 
Na mg kg-1 36.00 33.45 12 93 92.91 -1.02 0.88 
Micronutrients 
Cu mg kg-1 1.49 0.34 1.1 2 22.64 -1.09 0.54 
Fe mg kg-1 81.56 23.79 58 133 29.17 0.40 1.05 
Mn mg kg-1 12.33 4.27 6 18 34.64 -1.32 0.12 
Zn mg kg-1 2.74 2.74 1.6 9.8 97.13 3.92 2.41 
Soil Acidity 
Al  mg kg-1 539.11 65.48 402 616 12.15 0.16 -0.92 
pH 5.28 0.40 4.64 5.9 7.61 -0.99 -0.03 










Table 22. Table 16 T-test comparison of soil properties in surface and subsurface at the Tilli site 
Property P Value 
Particle Size 
Sand g kg-1 < 0.01* 
Silt g kg-1 0.14 
Clay g kg-1 < 0.01* 
Macronutrients 
Total C g kg-1 0.02* 
Total N g kg-1 0.45 
NH4-N mg kg-1 0.72 
NO3-N mg kg-1 0.44 
P mg kg-1 < 0.01* 
Extractable Base Cations 
K mg kg-1 0.03* 
Ca mg kg-1 0.51 
Mg mg kg-1 0.40 
Na mg kg-1 0.89 
Micronutrients 
Cu mg kg-1 0.69 
Fe mg kg-1 0.02* 
Mn mg kg-1 0.03* 
Zn mg kg-1 0.52 
Soil Acidity 
Al  mg kg-1 < 0.01* 
pH 0.67 
* - P value <0.05. 
 
 
Soil Management Zones 
Representative point NDVI values were obtained by averaging NDVI values in aggregated 
5m2 blocks in each field. Jenks natural break function was used to create three homogeneous areas 
of high, medium, and low zones. The SMZs delineated were grouped into high, medium and low 
zones based on their average NDVI values. Some areas within the field contained noncropland 




represented by areas of white within the field boundaries. However, the aggregation process 
resulted in small areas of noncropland features to be within a SMZ, though the values of these 
areas was not used in the calculation of mean NDVI values.  Proportions of high, medium and low 
SMZs varied widely at different sites which could be explained by the variation of soil properties 
at the individual sites. Mean values of all soil parameters were determined for the surface and 
subsurface horizons. Corn grain weights for the identified three SMZs in each field were also 
determined. Simple effects comparison using SAS was used to compare mean values of high, 
medium, and low SMZs. Mean values were considered significantly different when a P value of 
less than 0.05 was obtained. However, in comparing yield differences in the SMZs, the critical P 
level of significance was reduced to 0.1. Soil properties which showed no significant difference 
between the surface and subsurface soils will be discussed only once to describe the management 
zone.  
Sapke 
Figure 5 shows the delineated SMZ map for the Sapke site. The map of Sapke shows the 
effect of the aggregation over the road at this site that is located in the western portion of this 
site. Table 23 presents total area coverages in hectares, the percent area coverage of size, and 
average yield for each. The high SMZ covers 7.2 ha and comprises almost 30% of the field at 
Sapke. The medium zone is the largest in this field and covers 42.78% of the field at this site. 
The low zone covers 27.76% of the site with 6.8 ha. Corn grain yield ranged from 0.60 to 1.5 
MT ha-1 between the level of low and high zones. There were no significant corn yield 
differences between zones in this field assessed at P = 0.1. This site had the lowest yield among 




(Spodoptera frugiperda) (Figure 6) in Ghana in 2017. The producer at Sapke could not 
effectively control the pest as well as those of the other sites.  
Discriminate soil properties of the three SMZs at this site are presented in Table 23. The 
texture variables of the surface soil showed significant differences in the different zones. Amount 
of sand was in the order: medium > low > high. There is no significant difference in sand content 
in the medium and low zones. The highest amount of silt occurred in the high zone compared to 
the medium and low zones. The higher amounts of silt, with corresponding lower amounts of 
sand in the high management zone, can result in a higher CEC and a greater water holding 
capacity relative to the other management zone classes (Lal and Kimble, 2001). At this site, there 
was a significant negative correlation between yield and sand (-0.54), and a significantly positive 
correlation between yield and silt (0.65). 
There is no significant difference in amounts of TC among the SMZs identified in the 
surface horizon. However, TC is significantly higher in the high SMZ than the medium and low 
zone. The three forms of N significantly varied between SMZs in both the surface and subsurface 
horizons. Total N and NH4-N are not important discriminates of SMZs in the subsoil. However, 
amounts of the three N availability indices were significant discriminates in the surface soil 
(Table 24). Two micronutrients, Fe and Mn, showed significant differences in SMZ in the 
subsoil. They were both highest in the high SMZ in this soil, and there was a significantly 









Table 23. Distribution of the three soil management zones and grain yields as a function of zone. 
Zone Area Area Yield 
  ha % MT ha-1 
High 7.21 29.46 1.59 
Medium 10.47 42.78 1.11 
Low 6.8 27.76 0.6 
 
 








Figure 6. Fall armyworm (Spodoptera frugiperda) infestation at the Sapke 








The largest area component (48.6%) occurs in the high zone class, followed by the 
medium zone which covers 34.4% and the low zone area covers 18% (Table 25). Corn grain 
yield at this site, was 4.54 MT ha-1 was obtained from the high SMZ, and is significantly higher 
than 2.02 MT ha-1 and 1.80 MT ha-1 in the medium and low zones, respectively (Table 25).  
 Two of the four identified properties (Clay and Na) are not significant SMZ discriminates 
in the subsoil (Figures 8 and 9). In the surface soil, there was a significantly greater proportion of 
clay in the high zone. Again, increased quantities of clay allow for higher water holding capacity 
and higher soil CEC (Lal, 2014), which could be the reason for higher grain yields in the high 
zone. Sodium became a significant SMZ-delineating soil property. The lowest amount of Na 
occurred in the low SMT. The highest amounts of Cu (2.14 mg kg-1) were obtained in the high 
zone of the subsurface horizon with the lowest amount of Cu (1.22 mg kg-1) within the low zone 
(Figure 10), and there was a significantly positive correlation between yield and Cu (0.47). This 
site is slightly acidic with an average pH of 5.84 in the subsurface. While pH was not SMZ 
discriminating factor, extractable Al discriminated between zones in both surface and subsurface 
horizons (Figure 11). Highest levels of extractable Al occurred in the low and medium zones 
relative to the high zone. Fox R.H. (1979) reported that in acidic soils, exchangeable Al was a 
better indicator than pH for predicting loss of grain yield in corn and this could be a reason that 







Table 25. Distribution of the three soil management zones and grain yields as a function of zone. 
Zone Area Area Yield 
  ha % MT ha-1 
High 8.12 46.84 4.54a 
Medium 5.96 34.4 2.62b 
Low 3.25 18.76 1.8b 









































































Figure 8. Amount of clay in soil management zones at the Yendi site. The 
same letters for each site indicate no significant differences at (P < 0.05). 
Figure 9. Amount of sodium in soil management zones at the Yendi 
site. The same letters for each site indicate no significant differences at 































































Figure 10. Amount of cooper in soil management zones at the Yendi site. 
The same letters for each site indicate no significant differences at (P < 0.05). 
Figure 11. Amount of extractable Al in soil management zones at the 
Yendi site. The same letters for each site indicate no significant 





A Delineated SMZ map for Asubalik is presented in Figure. The proportions of the 
delineated zone coverage are as follows: 51% high, 42% medium, and 6.21% low (Table 26).  
There was no yield data recorded for this site because the producer harvested the field ahead of 
the project. 
The two textural SMZ discriminating variables, sand and silt, have opposing effects. The highest 
amount of sand (50.6%) occurs in the low SMZ while the lowest amount is associated with the 
high zone. The reverse is true for the silt. Three plant nutrient variables, P, Mg, and Mn, did 
show significant differences in the three identified zones in the surface horizon.  Phosphorus is 
the only macronutrient that had a significant difference between SMZs. While high levels of P 
are found in the high zone in the subsurface horizon, there seems to be a reverse trend in the 
subsurface.  
 The highest amount of Mg occurs in the medium zones in both horizons with the least 





















Table 26. Distribution of the three soil management zones as a function of zone. 
Zone Area Area 
  ha % 
High 4.97 51.8 
Medium 4.03 42 
Low 0.6 6.21 
 
 
Table 27. Comparison of soil attributes in the identified zones at Asubalik. 
Horizon Zone Sand Silt P  Mg Zn Mn 
    g kg-1 g kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 
  High 40.37a 35.28a 6.28 486.31 2.72a 61.04 
Surface Medium 44.86ab 32.45ab 5.67 557.96 1.05b 101.7 
  Low 50.56b 25.7b 4.3 437.98 0.85b 113.4 
                
  High 36.75a 27.52a 5.18ab 486.12ab 1.46 55.12a 
Subsurface Medium 46.53ab 20.18ab 3.66b 541.02b 0.84 155.55b 
  Low 49.17b 19.53b 7.92a 337.18a 1.28 121.15b 





The high zone class represents the greatest percentage area covers 42.02%.The medium 
zone occupies 30.12% and the low zone occupies 27.86% (Table 28). All components of the 
different parameter groups reported in the general soil description section of this report serve as 
significant isolators of SMZ (Table 29). Among the texture components, clay is an important 
SMZ discriminate parameter. The Sombolouna East site has very fine textures with average clay 
contents of 46.27% in the surface horizon and 48.50% in the subsurface horizon. The greatest 
amount of clay (48.9%) is in the low zone and the lowest amount of 43.5%, occurs in the high 
zone in the surface horizon. The same trend clay content relationship is observed in the 
subsurface horizon, although there are no statistical differences in the clay amounts in the 
different zones in the subsoil. This relationship can be related to the macropores and their 
importance on soil drainage. There is a negative significant correlation (r = - 0.62) between clay 
content and corn grain yield. It could be conjected that high clay contents lead to poor aeration of 
the root zone which negatively impact corn grain yield.   
Macronutrients (TC, TN and P), which are partially associated with organic matter in 
some cases decrease with depth. Levels of these parameters are significantly higher in the high 
zones than the medium and low zones. This is true in both the surface and subsurface horizons. 
These parameters are all positively correlated with corn yield and this ratifies their distribution in 
the SMZ. 
The two micronutrients Zn and Cu are important discriminate parameters. Higher levels 
(3.03 mg kg-1 for Zn and 2.26 for Cu) are found in the high zone. These nutrients are also 




assertion that micronutrient deficiencies are the most important nutritional disorders that limit 
crop yields on acid soils (Foy, 1992; Fageria, 1994; Fageria et al., 1996).  
Levels of the acidity parameter, Al, which are also negatively correlated with clay (r = 
0.44), is significantly higher in the low zone compared to the high and medium zones (Table 29). 
This is further expressed in both the surface soil and subsoil. There is a strong relationship 
between grain yield and Al partition in the management zones. Highest corn yield occurs in the 
zone with the lowest level of Al. Soil acidity associated with Al toxicity and a low contents of 
exchangeable basic cations usually have been found to limit limits yields in many agricultural 
areas in the tropics (Alleoni et al., 2010). This finding is corroborated by the negative and highly 
significant correlation (r = -0.62) between extractable Al and corn yield. Aluminum has been 








Table 28. Distribution of the three soil management zones as a function of zone.  
Zone Area Area Yield 
  ha % MT ha-1 
High 3.25 42.02 4.15a 
Medium 2.33 30.12 4.02a 
Low 2.16 27.86 0.86b 
The same letters indicate no significant differences (P < 0.1). 
 











The medium SMZ occupies the greatest percentage area at 44.13 % (Table 30). The high 
zone class comes in next with area coverage percentage of 27.86% with the high zone having the 
lowest coverage of 14.45%. Yields at Sombolouna West range from 1.55 MT ha-1 in the SMT to 
0.06 MT ha-1 in the low zone. There is a significant difference at the p = 0.1 level, yields in the 
high zone are significantly higher than the low zone.    
The significant discriminates in this soil are mostly plant nutrients. The two exchangeable 
base cations, Ca and Na, show opposite trends with respect to their significance to SMZ 
identification. This soil contains extremely high levels of Ca in both surface and subsurface 
horizons. The highest level of Ca is 4713.20 mg kg-1 and occurs in the high SMZ and the lowest 
of 3511.08 mg kg-1 is found in the low zone. Sodium has a negative effect on soil structure and 
crop performance (Rengasamy, 2010). In this study, high sodium levels are associated with the 
low SMZ and are negatively correlated with corn yield (r = -0.39). 
Highest amount of Mn in the subsurface horizon is found in the high SMZ, but this level 
is not significantly different from the medium zone. In the subsoil, the Mn content is 







Table 30. Distribution of the three soil management zones as a function of zone. 
Zone Area Area Yield 
  ha % MT ha-1 
High 0.75 14.45 1.55a 
Medium 2.28 44.13 1.06ab 
Low 2.14 27.86 0.47b 











Table 31. Comparison of soil attributes in the identified zones at Sombolouna West.  
Horizon Zone Exchangeable Base Cations Micronutrients 
  Ca Na Mn 
    mg kg-1 mg kg-1 mg kg-1 
 High 4713.21a 20.95a 109.9 
Surface Medium 4490.16a 66.94b 112.97 
 Low 3511.08b 64.36b 77.95 
     
 High 4839.83a 15.29a 102.43a 
Subsurface Medium 3848.89b 82.25b 76.58ab 
  Low 3158.47b 53.98ab 49.04b 




A large portion of the Tilli site (58.23%) falls in the high zone as shown in figure 15 and 
Table 32. Only a small portion (9.26%) is in the low SMZ. The high SMZ had a significantly 
higher average yield of 4.90 MT ha-1 but it is not significantly different from the medium zone. 
This site also shows the aggregation over the road that goes through this field. 
Only three SMZ discriminates were identified at this site. There was significantly higher 
levels of NO3-N in the high SMZ, compared to the medium and low SMZ, shown in figure 16. 
Level of P was highest in the low SMZ in both horizons, however, there is no significant 
differences in amounts of P in the different zones in the subsoil (figure 17). 
There is no consistent pattern in the partition of Zn in the SMZs. Zn levels were not 




of Zn occurs in the low zone of the subsoil horizon (Figure 18). Correlation analysis show a 
positive relationship between yields and NO3-N, but the reverse is true for P and Zn. 
 
 
Table 32. Distribution of the three soil management zones as a function of zone. 
Zone Area Area Yield 
  ha % MT ha-1 
High 12.08 58.23 4.90a 
Medium 6.75 32.51 3.65b 
Low 1.92 9.26 2.83c 
Same letter indicates no significant difference (P <0.1). 
 


























































Figure 16. Amount nitrate-N in soil management zones at the Tilli site. The 
same letters for each site indicate no significant differences at (P < 0.05). 
Figure 17. Amount of phosphorus in soil management zones at the Tilli site. 








Summary of Soil Management Zones 
 This method identified three classes of SMZ using NDVI-based low altitude remote 
sensing. The six sites of this study are located in the Northern and Upper East Regions of Ghana. 
The soils range in texture from loamy sand at Tilli, to clay at Sombolouna. Table 33 shows the 
number of discriminates of the SMZ as a function of site. Results from this study show no 
special trends in the discriminating parameters among the sites, however, the number of 
discriminate variables increased with the fertility status of the soils.  
 In the Northern Region, soils at Sapke are relatively more fertile than at Yendi. In the 
Upper East Region soils at Sombolouna East are the most fertile. These relatively fertile soils at 
these sites had more discriminate parameters as shown in Table 33. These parameters also have 































Figure 18. Amount of Zn in soil management zones at the Tilli site. The 




 Texture appears to influence the segregation of SMZ at four of the six sites. The other 
two sites, in which texture was not a discriminant are in the Upper East Region and they had 
extreme textures being, loamy sand at Tilli and clay at Sombolouna West. Generally, these 
texture parameters had low CVs in both the surface and subsurface horizons. Micronutrients also 
proved to be important variables at all but one site. Within the acidity parameters, pH was not an 
important discriminant. However, extractable Al was a discriminating factor among SMZ at both 
sites in the Northern Region and at one site in the Upper East Region. There is a strong 
relationship between grain yield and SMZ at all sites as shown in Figure 19 corn grain yields are 
highest in the high zones followed by medium zones and low zones. In most cases, average 




Table 33. Soil attributes used in identification of soil management zones. 
Region Site/Soil Texture Major Discriminant for Management Zone 
Northern Sapke Loam Sand, silt, TC, TN, NH4-N, NO3-N, Mn, Fe, Al 
 Yendi Sandy Loam Clay, Na, Cu, Al 
Upper East Asubalik Loam Sand, silt, P, Mg, Zn, Mn 
 Som. E Clay Clay, TC, TN, P, K, Ca, Mg, Zn, Cu, Al 
 Som. W Clay Ca, Na, Mg 
















































Figure 19. Average yield values as a function of zone for each study 
site. The same letter on bars of the same site indicates no significant 




CHAPTER 5: CONCLUSION 
 The identification, characterization, and management of spatially coherent regions within 
the field is the major concept of site-specific management. However, spatial variability and 
complex relationships of soil and crop interaction makes homogeneous management systems less 
ecofriendly and uneconomical.  
 This study explored the possibility of using the responses of crops to the soil 
environment, in terms of physical and chemical properties as a means to identify, map, and 
characterize SMZ in two agroecological regions in Ghana. Three main objectives were identified 
to answer the following research questions.  
(1) What are the steps involved in the use of UAS technology to delineate and map SMZ? 
 (2) What are the approaches to characterize the SMZ?  
 (3) How will the results of this study be practically applied?  
The first objective of this study addresses the first research question. This was to explore 
the use of high resolution data acquired using non-invasive, flexible and cost-effective UAS 
technology to delineate and map contiguous SMZ.  This was accomplished by collecting 
sequential georeferenced data acquired using a fixed-wing UAV (eBee) at V6, VT, and R2 
phenological stages of the corn crop during the 2017 growing season. The NDVI data were 
generated using Pix4D and analyzed using ArcGIS to identify three homogeneous SMZ at the six 
sites of the Northern and Upper East Regions of Ghana.  
A follow up study is necessary to validate the integrity of the delineated SMZ. This could 




define field boundaries of management zones. This will add another layer of authentication to the 
method being developed in this study. 
To address the second research question, the integrity of the identified SMZ was verified 
through soil description, sampling, and analyses of samples associated with high, medium, and 
low zones of the fields. Using the EMI technology as follow up will also facilitate spatial 
sampling of the fields which will provide more robust data on a spatial scale for the validation of 
the SMZ.    
As a second objective, soil samples were analyzed for physical and chemical properties 
as a function of the three SMZ. It was established that the site-specific high, medium, and low 
zones were significantly different in terms of physical and chemical properties. It was further 
observed that sites with relatively fertile soils had more discriminate parameters for delineating 
SMZ, and these parameters also had high CVs.    
 For the third objective, corn grain yields were collected from the identified zones and 
relationships between these yields and soil properties of the zones were established.  
For practical application of findings of this study, this method of zonification based on 
NDVI-acquired data from UAS technology, resulted in three different zones with different soil 
characteristics, and resulted in corn yields which reflect the soil properties. The approach 
adopted in this study, and with the results obtained to delineate SMZ, can be used as first 
approximation precision agriculture maps suitable for laying the foundation for site-specific soil 
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Site: Asubalik  
Zone: High 
Date: 11-11-2017 
Described by: Daniel Brummel 
 
Sample: AH1 
Surface horizon--0 to 11cm; very dark grayish brown (10YR 3/2); moderate subangular blocky 
structure; firm; iron and manganese concentrations present; clear boundary. 
Subsurface horizon--11 to 37+cm; dark yellowish brown (10YR 3/4); strong subangular blocky 
structure; firm; iron and manganese concentrations present. 
 
Sample: AH2 
Surface horizon--0 to 17cm; very dark grayish brown (10YR 3/2); moderate subangular blocky 
structure; friable; iron and manganese concentrations present; clear boundary. 
Subsurface horizon--11 to 35cm; dark yellowish brown (10YR 3/4); strong subangular blocky 
structure; friable; iron and manganese concentrations present; abrupt boundary. 
 
Sample: AH3 
Surface horizon--0 to 18cm; very dark grayish brown (10YR 3/2); moderate subangular blocky 
structure; firm; iron and manganese concentrations present; clear boundary. 
Subsurface horizon--18 to 44+cm; brown (10YR 4/3); strong subangular blocky structure; 












Site: Asubalik  
Zone: Medium 
Date: 11-11-2017 
Described by: Daniel Brummel 
 
Sample: AA5 
Surface horizon--0 to 18cm; very dark gray (10YR 3/1); moderate subangular blocky structure; 
friable; iron and manganese concentrations present; abrupt boundary. 
Subsurface horizon--18 to 39+cm; dark brown (10YR 3/3); moderate subangular blocky 
structure; friable; iron and manganese concentrations present. 
 
Sample: AA6 
Surface horizon--0 to 14cm; very dark grayish brown (10YR 3/2); moderate subangular blocky 
structure; firm; iron and manganese concentrations present; gradual boundary. 
Subsurface horizon--14 to 36+ cm; brown (10YR 4/3); strong subangular blocky structure; 
friable; iron and manganese concentrations present. 
 
Sample: AA7 
Surface horizon--0 to 13cm; very dark grayish brown (10YR 3/2); moderate granular structure; 
friable; clear boundary. 
Subsurface horizon--13 to 41+cm; brown (7.5YR 4/4); moderate subangular blocky structure; 












Site: Asubalik  
Zone: Low 
Date: 11-11-2017 
Described by: Daniel Brummel 
 
Sample: AL9 
Surface horizon--0 to 13cm; dark brown (10YR 3/3); strong subangular blocky structure; friable; 
iron and manganese concentrations present; clear boundary. 
Subsurface horizon--13 to 37+cm; dark yellowish brown (10YR 4/4); moderate subangular 
blocky structure; friable; iron and manganese concentrations present. 
 
Sample: AL10 
Surface horizon--0 to 20cm; dark brown (10YR 3/3); weak subangular blocky structure; friable; 
iron and manganese concentrations present; abrupt boundary. 
Subsurface horizon--20 to 43+cm; brown (7.5YR 4/4); moderate subangular blocky structure; 
friable; iron and manganese concentrations present. 
 
Sample: AL12 
Surface horizon--0 to 13cm; very dark grayish brown (10YR 3/2); moderate subangular blocky 
structure; friable; gradual boundary. 
Subsurface horizon--13 to 36cm; dark brown (7.5YR 3/3); moderate subangular blocky structure; 












Site: Tilli  
Zone: High 
Date: 11-10-2017 
Described by: Daniel Brummel 
 
Sample: TH1 
Surface horizon--0 to 19cm; brown (7.5YR 4/2); moderate granular structure; very friable; clear 
boundary. 
Subsurface horizon--19 to 40+cm; brown (10YR 5/3); weak subangular blocky structure; very 
friable; iron and manganese concentrations present. 
 
Sample: TH2 
Surface horizon--0 to 20cm; very dark grayish brown (7.5YR 3/2); moderate granular structure; 
friable; gradual boundary. 
Subsurface horizon--20 to 42+ cm; brown (10YR 5/3); weak subangular blocky structure; 
friable; iron and manganese concentrations present. 
 
Sample: TH3 
Surface horizon--0 to 23cm; brown (7.5YR 4/2); moderate granular structure; very friable; 25% 
gravel; clear boundary. 
Subsurface horizon--23 to 46+cm; brown (7.5YR 4/3); massive; friable; 80% gravel; iron and 













Site: Tilli  
Zone: Medium 
Date: 11-10-2017 
Described by: Daniel Brummel 
 
Sample: TM5 
Surface horizon--0 to 18cm; brown (10YR 4/3); weak granular structure; very friable; abrupt 
boundary. 
Subsurface horizon--18 to 49+cm; brown (7.5YR 5/3); massive; very friable; 75% gravel; iron 
and manganese concentrations present. 
 
Sample: TM6 
Surface horizon--0 to 21cm; dark brown (7.5YR 3/2); weak granular structure; friable; 65% 
gravel; iron and manganese concentrations present; clear boundary. 
Subsurface horizon--21 to 39+cm; brown (10YR 4/3); massive; friable; 80% gravel; iron and 
manganese concentrations present. 
 
Sample: TM7 
Surface horizon--0 to 21cm; brown (7.5YR 4/2); weak granular structure; very friable; iron and 
manganese concentrations present. clear boundary. 
Subsurface horizon--21 to 40+cm; dark brown (10YR 3/3); weak subangular blocky structure; 











Site: Tilli  
Zone: Low 
Date: 11-10-2017 
Described by: Daniel Brummel 
 
Sample: TL9 
Surface horizon--0 to 22cm; brown (7.5YR 4/3); weak granular structure; very friable; clear 
boundary. 
Subsurface horizon--22 to 32cm; brown (10YR 5/3); weak subangular blocky structure; very 
friable; iron and manganese concentrations present: abrupt boundary. 
 
Sample: TL10 
Surface horizon--0 to 26cm; brown (10YR 4/3); weak granular structure; very friable; clear 
boundary. 
Subsurface horizon--26 to 40+cm; yellowish brown (10YR 5/4); weak subangular blocky 
structure; very friable; iron and manganese concentrations present. 
 
Sample: TL11 
Surface horizon--0 to 29cm; brown (7.5YR 4/2); weak granular structure; very friable; clear 
boundary. 
Subsurface horizon--29 to 39+cm; yellowish brown (10YR 5/4); weak subangular blocky 












Site: Sapke  
Zone: High 
Date: 11-15-2017 
Described by: Daniel Brummel 
 
Sample: SH1 
Surface horizon--0 to 15cm; dark brown (7.5YR 3/2); moderate subangular blocky structure; 
friable; iron and manganese concentrations present; clear boundary. 
Subsurface horizon--15 to 36cm; dark brown (7.5YR 3/3); moderate subangular blocky structure; 
friable; iron and manganese concentrations present; clear boundary. 
 
Sample: SH2 
Surface horizon--0 to 23cm; dark brown (7.5YR 3/2); moderate angular blocky structure; friable; 
iron and manganese concentrations and iron depletions present; clear boundary. 
Subsurface horizon--23 to 43+cm; dark brown (7.5YR 3/4); moderate subangular blocky 
structure; friable; iron and manganese concentrations and iron depletions present. 
 
Sample: SH3 
Surface horizon--0 to 21cm; very dark brown (7.5YR 2.5/2); weak subangular blocky structure; 
friable; gradual boundary. 













Site: Sapke  
Zone: Medium 
Date: 11-15-2017 
Described by: Daniel Brummel 
 
Sample: SM5 
Surface horizon--0 to 16cm; dark brown (7.5YR 3/3); weak subangular blocky structure; friable; 
clear boundary. 
Subsurface horizon--16 to 39+cm; reddish brown (5YR 4/4); massive; friable. 
 
Sample: SM6 
Surface horizon--0 to 20cm; dark brown (7.5YR 3/3); weak subangular blocky structure; friable; 
clear boundary. 
Subsurface horizon--23 to 29cm; brown (7.5YR 4/4); massive; friable; abrupt boundary. 
 
Sample: SM7 
Surface horizon--0 to 16cm; very dark brown (7.5YR 3/2); weak subangular blocky structure; 
friable; clear boundary. 














Site: Sapke  
Zone: Low 
Date: 11-15-2017 
Described by: Daniel Brummel 
 
Sample: SL9 
Surface horizon--0 to 21cm; dark brown (7.5YR 3/2); weak subangular blocky structure; friable; 
abrupt boundary. 
Subsurface horizon--21 to 47+cm; reddish brown (5YR 4/4); massive; friable. 
 
Sample: SL10 
Surface horizon--0 to 12cm; dark brown (7.5YR 3/4); weak subangular blocky structure; friable; 
clear boundary. 
Subsurface horizon--12 to 34+cm; reddish brown (5YR 4/4); massive; friable. 
 
Sample: SL11 
Surface horizon--0 to 19cm; very dark brown (7.5YR 2.5/2); weak subangular blocky structure; 
friable; abrupt boundary. 














Site: Som. East  
Zone: High 
Date: 11-12-2017 
Described by: Daniel Brummel 
 
Sample: SEH1 
Surface horizon--0 to 14cm; dark brown (7.5YR 3/2); moderate subangular blocky structure; 
friable; gradual boundary. 
Subsurface horizon--14 to 42+cm; very dark grayish brown (10YR 3/2); moderate subangular 
blocky structure; friable; iron and manganese concentrations present. 
 
Sample: SEH2 
Surface horizon--0 to 17cm; dark brown (10YR 3/3); moderate subangular blocky structure; 
friable; iron and manganese concentrations and iron depletions present; gradual boundary. 
Subsurface horizon--17 to 28cm; black (7.5YR 2.5/1); weak subangular blocky structure; friable; 
iron and manganese concentrations and iron depletions present; abrupt boundary. 
 
Sample: SEH3 
Surface horizon--0 to 22cm; dark brown (10YR 3/3); moderate angular blocky structure; firm; 
iron and manganese concentrations present; gradual boundary. 
Subsurface horizon--22 to 38+cm; dark brown (10YR 3/3); strong subangular blocky structure; 












Site: Som. East  
Zone: Medium 
Date: 11-12-2017 
Described by: Daniel Brummel 
 
Sample: SEM4 
Surface horizon--0 to 28cm; very dark grayish brown (10YR 3/2); moderate subangular blocky 
structure; friable; iron and manganese concentrations present; clear boundary. 
Subsurface horizon--28 to 46+cm; dark brown (10YR 3/3); moderate subangular blocky 
structure; friable; iron and manganese concentrations present. 
 
Sample: SEM5 
Surface horizon--0 to 12cm; brown (10YR 4/3); strong subangular blocky structure; firm; 
gradual boundary. 




Surface horizon--0 to 25cm; dark brown (10YR 3/3); strong subangular blocky structure; firm; 
clear boundary. 
Subsurface horizon--25 to 41+cm; brown (10YR 4/3); strong subangular blocky structure; firm; 












Site: Som. East  
Zone: Low 
Date: 11-12-2017 
Described by: Daniel Brummel 
 
Sample: SEL7 
Surface horizon--0 to 18cm; dark brown (10YR 3/3); strong subangular blocky structure; firm; 
gradual boundary. 
Subsurface horizon--18 to 43+cm; dark brown (10YR 3/3); strong subangular blocky structure; 
firm; iron and manganese concentrations present. 
 
Sample: SEL8 
Surface horizon--0 to 17cm; dark brown (10YR 3/3); strong subangular blocky structure; firm; 
gradual boundary. 




Surface horizon--0 to 25cm; dark brown (10YR 3/3); strong subangular blocky structure; firm; 
gradual boundary. 
Subsurface horizon--25 to 45+cm; dark yellowish brown (10YR 4/4); moderate angular blocky 












Site: Som. West  
Zone: High 
Date: 11-12-2017 
Described by: Daniel Brummel 
 
Sample: SWH1 
Surface horizon--0 to 11cm; dark yellowish brown (10YR 3/4); strong subangular blocky 
structure; firm; clear boundary. 
Subsurface horizon--11 to 38+cm; brown (10YR 4/3); moderate angular blocky structure; firm; 
iron and manganese concentrations present. 
 
Sample: SWH3 
Surface horizon--0 to 14cm; dark brown (10YR 3/3); strong subangular blocky structure; firm; 
clear boundary. 
Subsurface horizon--14 to 48+cm; dark yellowish brown (10YR 4/4); strong subangular blocky 
structure; firm; iron and manganese concentrations present. 
 
Sample: SWH4 
Surface horizon--0 to 10cm; dark yellowish brown (10YR 3/4); moderate subangular blocky 
structure; friable; clear boundary. 
Subsurface horizon--10 to 39+cm; brown (10YR 4/3); strong subangular blocky structure; firm; 












Site: Som. West  
Zone: Medium 
Date: 11-12-2017 
Described by: Daniel Brummel 
 
Sample: SWM5 
Surface horizon--0 to 21cm; dark yellowish brown (10YR 3/4); strong subangular blocky 
structure; firm; iron and manganese concentrations present; clear boundary. 




Surface horizon--0 to 16cm; dark yellowish brown (10YR 3/4); strong subangular blocky 
structure; friable; clear boundary. 
Subsurface horizon--16 to 40+cm; dark yellowish brown (10YR 3/4); strong subangular blocky 
structure; friable; iron and manganese concentrations present. 
 
Sample: SWM7 
Surface horizon--0 to 12cm; dark yellowish brown (10YR 3/4); strong subangular blocky 
structure; firm; clear boundary. 
Subsurface horizon--12 to 45+cm; dark yellowish brown (10YR 3/4); strong subangular blocky 












Site: Som. West  
Zone: Low 
Date: 11-12-2017 
Described by: Daniel Brummel 
 
Sample: SWL8 
Surface horizon--0 to 15cm; dark yellowish brown (10YR 3/4); strong subangular blocky 
structure; firm; iron and manganese concentrations present; clear boundary. 




Surface horizon--0 to 17cm; dark yellowish brown (10YR 3/4); strong subangular blocky 
structure; friable; clear boundary. 




Surface horizon--0 to 15cm; dark yellowish brown (10YR 3/4); strong subangular blocky 
structure; friable; clear boundary. 
















Described by: Daniel Brummel 
 
Sample: YH1 
Surface horizon--0 to 20cm; dark reddish brown (5YR 3/3); weak subangular blocky structure; 
friable; abrupt boundary. 




Surface horizon--0 to 19cm; dark reddish brown (5YR 3/3); weak subangular blocky structure; 
friable; clear boundary. 




Surface horizon--0 to 22cm; dark reddish brown (5YR 3/3); weak subangular blocky structure; 
friable; clear boundary. 
















Described by: Daniel Brummel 
 
Sample: YM5 
Surface horizon--0 to 19cm; dark reddish brown (5YR 3/3); weak subangular blocky structure; 
friable; clear boundary. 




Surface horizon--0 to 25cm; reddish brown (5YR 4/3); weak subangular blocky structure; 
friable; clear boundary. 




Surface horizon--0 to 18cm; dark brown (7.5YR 3/4); weak subangular blocky structure; friable; 
70 % gravel; clear boundary. 
















Described by: Daniel Brummel 
 
Sample: YL9 
Surface horizon--0 to 20cm; dark reddish brown (5YR 3/4); weak subangular blocky structure; 
friable; clear boundary. 




Surface horizon--0 to 18cm; dark reddish brown (5YR 3/3); weak subangular blocky structure; 
friable; 30 % gravel; clear boundary. 
Subsurface horizon--18 to 41+cm; reddish brown (5YR 4/4); Loose grained; 90 % gravel. 
 
Sample: YL11 
Surface horizon--0 to 11cm; dark brown (7.5YR 3/4); weak granular structure; friable; 50 % 
gravel; clear boundary. 




























































Table B5. Yendi soil properties that showed significant difference between zones 
Horizon Zone Clay Na Cu Al 
    g kg-1 mg kg-1 mg kg-1 mg kg-1 
 High 15.36a 14.84a 1.97 378.92a 
Surface Medium 9.28b 15.32a 1.58 529.28ab 
 Low 8.13b 13.56b 1.31 594.7b 
      
 High 11.56 17.41 2.14a 398.23a 
Subsurface Medium 14.91 11.86 1.37ab 578.13ab 
  Low 10.53 13.15 1.22b 665.69b 
The same letters indicate no significant differences (P < 0.05). 
 
 
Table B6. Sombolouna West significant parameters.  
Horizon Zone Exchangeable Base Cations Micronutrients 
  Ca Na Mn 
    mg kg-1 mg kg-1 mg kg-1 
 High 4713.21a 20.95a 109.9 
Surface Medium 4490.16a 66.94b 112.97 
 Low 3511.08b 64.36b 77.95 
     
 High 4839.83a 15.29a 102.43a 
Subsurface Medium 3848.89b 82.25b 76.58ab 
  Low 3158.47b 53.98ab 49.04b 









Table B7. Tilli significant soil parameters. 
Horizon Zone Macronutrients Micronutrients 
  NO3-N  P  Zn 
    mg kg-1 mg kg-1 mg kg-1 
 High 13.83a 13.45a 1.84 
Surface Medium 0.72b 18.16b 2.41 
 Low 1.07b 16.44ab 2.21 
     
 High 3.82 9.79 1.78a 
Subsurface Medium 1.04 11.35 1.78a 
  Low 0.6 10.59 4.65b 
Same letter indicates no significant difference (P <0.05). 
 
 
